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MICROWAVE  SPECTROSCOPY  OF  A  SOLAR  ACTIVE  REGION 
OBSERVED  DURING  A  PARTIAL  ECLIPSE 


D.  E.  Gary  and  G.  J.  Hurford 

264-33  Caltech 
Pasadena  f  CA  91125 


I-  INTRODUCTION 

Microwave  emission  from  solar  active  regions  has  been 
observed  with  high  spatial  resolution  for  many  years  (Kundu. 
Becker,  and  Velusamy  1974;  Kundu  and  Alissandrakis  1975; 
Erskine-  Kundu.  and  Rao  1980;  Lang  and  Willson  1979;  Kundu 
and  velusamy  1980;  and  later  papers)-  The  high- resolution 
observations  have  helped  confirm  earlier  indications  of  the 
role  of  gyroresonance  emission  in  accounting  for  the  intense 
sources  of  microwave  emission  associated  with  sunspots  (eg 
Alissandrakis.  Kundu.  and  Lantos  1980).  Further  evidence 
for  gyroresonance  emission  at  5  GHz  was  obtained  by 
observations  of  "ring  structure"  (Alissandrakis  and  Kundu 
1982)  and  polarized  "horseshoes"  (Lang  and  Willson  1982) . 

Observations  at  longer  wavelengths,  however-  have  shown 
an  entirely  different  picture  The  observation  of  the  full 
disk  of  the  Sun  at  1-4  GHz  by  Dulk  and  Gary  (1983)  revealed 
large  sources  associated  not  with  individual  sunspots  but 
with  the  entire  active  region  complex.  The  resulting  full 
Sun  map  is  reminiscent  of  soft  X-ray  pictures.  The  coronal 
brightness  over  magnetic  neutral  lines  near  the  centers  of 
active  regions  and  the  low  (<?0%)  circular  polarization  away 
from  the  neutral  lines  was  found  to  be  fully  consistent  with 
thermal  bremsstrahlung  (free-free)  emission  from  electrons 
at  coronal  temperatures.  Observations  from  Arecibo  at 
2.4  GHz  by  Lang  and  Willson  (1983)  showed  great  similarity 
to  the  1.4  GHz  observations  of  Dulk  and  Gary  (1983). 

However,  since  free-free  emission  can  be  expected  to  decline 
in  importance  at  higher  frequencies-  it  remained  uncertain 
whether  gyroresonance  or  free-free  emission  was  dominant- 

At  higher  frequencies  in  the  millimeter  wavelength 
regime-  gyroresonance  opacity  and  free-free  opacity  in  the 
corona  are  both  unimportant-  and  the  appearance  of  active 
regions  is  dominated  by  relatively  low  contrast  features 
generated  by  free-free  opacity  in  the  chromosphere  (Hurford 
1986)  - 

Such  previous  work  has  shown  that  the  selection  of 
observing  frequency  can  dramatically  influence  the 
appearance  of  solar  active  regions.  As  the  dominant 
emission  mechanism  changes  from  free-free  to  gyroresonance 
emission  between  the  most  commonly  observed  frequencies-  1-4 


and  4.9  GHz  (Lang,  Willson,  and  Gaizauskas  1983;  Shevqaonkar 
and  Kundu  1985)  the  maps  have  virtually  no  common  features- 
Soviet  workers  have  conducted  multi frequency  observations  of 
active  regions  between  7  5  and  15  GHz  using  their  RATAN-600 
facility  (Akhmedov  et  al-  1986).  In  most  cases,  however, 
detailed  modeling  has  not  been  attempted  to  match  spatially 
resolved  observations  at  more  than  one  frequency. 

The  microwave  spectrum  nevertheless  contains  a  wealth 
of  information  about  the  solar  active  region  atmosphere. 

Such  information  can  be  exploited  when  observations  at  a 
sufficient  number  of  closely  spaced  frequencies  are 
available  Observations  at  up  to  86  frequencies  between  1 
and  18  GHz  are  now  being  made  routinely  with  the 
Frequency-Agile  Interf erometer  at  the  Owens  Valley  Radio 
Observatory  (OVRO)  (Hurford,  Read,  and  Zirin  1984).  Because 
the  small  number  of  baselines  (1  or  3)  limits  the  complexity 
of  the  source  structure  which  can  be  handled  by  conventional 
aperture  synthesis  techniques,  the  sources  discussed  to  date 
have  been  limited  to  simple  isolated  sunspots  (Hurford,  Gary 
and  Garrett  1985;  Hurford  1985) . 

This  report  presents  observations  obtained  at  OVRO  and 
at  the  Very  Large  Array  (VLA)  during  the  partial  solar 
eclipse  of  1984  May  30.  The  eclipse  provided  a  moving  lunar 
limb  which  progressively  occulted  a  solar  active  region- 
This  significantly  enhanced  the  imaging  capability  at  OVRO. 
where  data  was  obtained  at  16  frequencies  over  the  spectral 
range  1.4  to  8  GHz.  The  eclipse  enabled  the  spatial 
variation  of  the  microwave  brightness  temperature  spectrum 
of  a  complex  active  region  to  be  studied  for  the  first  time 

In  Section  II  we  present  the  VLA  observations,  describe 
the  eclipse  mapping  technique  and  present  the  maps  obtained 
at  1.4  and  4.9  GHz.  In  Section  III  we  describe  the  analysis 
of  the  OVRO  data  and  present  the  derived  brightness 
temperature  spectra-  In  Section  IV  photospheric  magnetogram 
data  is  combined  with  the  radio  data  to  provide  a  coherent 
picture  of  the  corona  above  the  active  region-  Finally,  we 
summarize  our  conclusions  in  Section  V. 


II.  VLA  ANALYSIS 

The  configuration  of  the  Sun  and  Moon,  as  seen  from  the 
VLA  on  1984  May  30-  is  shown  in  Fiqure  1.  The  VLA  was 
operating  in  the  C  configuration  as  two  subarrays,  with  the 
inner  13  antennas  of  each  arm  of  the  wye-shaped  array 
operating  at  4.9  GHz  (6  cm)  while  the  outer  13  antennas  in 
each  arm  were  operated  simultaneously  at  1-4  GHz  (20  cm). 

The  angular  resolution  was  6-2”  and  13-8”  at  4.9  GHz  and 
1.4  GHz  respectively.  The  field  of  view  at  4.9  GHz.  as 
indicated  by  the  circle  in  Figure  1.  encompassed  Boulder 
Active  Region  4500.  The  positions  of  the  lunar  limb  at  1635 
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and  1650  UT  are  also  indicated.  The  1-4  GHz  field  of  view 
was  a  circle  roughly  the  angular  size  of  the  Sun.  centered 
on  the  solar  meridian  at  latitude  40  S-  The  data  were 
calibrated  in  phase  and  relative  amplitude  by  observing  a 
calibrator  source  before  and  after  the  observation.  The 
absolute  amplitude  calibration  was  done  by  comparison  with 
the  OVRO  amplitudes,  which  in  turn  were  calibrated  by 
observing  3C84,  and  adopting  a  flux  of  60  Jy  at  4.9  GHz. 

(We  have  since  learned  (Aller  et  al.  1985)  that  our  adopted 
value  was  about  4%  too  high-) 

The  eclipse  observations  were  analyzed  using  an 
improved  version  of  the  mapping  technique  used  on  previous 
VLA  eclipse  observations  (Marsh-  Hurford,  and  Zirin-  1980). 
At  each  frequency,  the  13  antennas  used  during  the  eclipse 
produced  78  measurements  of  complex  visibilities  of  the 
source  region  each  10  s.  A  normal  10  s  snap-shot  map  gives 
a  poor  representation  of  the  source  brightness  distribution 
B(x,y)  because  78  u-v  components  are  insufficient  to  map  a 
source  as  complex  as  a  solar  active  region.  However,  the 
difference  of  two  successive  visibility  measurements  is 
almost  entirely  due  to  the  change  of  B(x,y)  that  occurred 
between  the  measurements.  In  this  case  this  difference  in 
brightness  is  restricted  to  sources  located  in  narrow 
annulus  about  4  arcseconds  wide.  The  limited  spatial 
complexity  of  sources  within  this  narrow  annulus  can  be 
well-determined  with  only  78  u-v  components. 

The  analysis  procedure  consisted  of  subtracting  the 
measured  visibilities  for  successive  10  second  samples,  and 
then  applying  conventional  image  synthesis  techniques  to  the 
differenced  data  to  form  a  set  of  images.  Cleaning  was 
restricted  to  the  narrow  annular  "window"  defined  by  the 
corresponding  lunar  limb  positions.  After  determining  the 
flux  within  each  annular  "window"  for  each  10  s  differential 
data  sample,  the  annular  strips  were  combined  as  in  a  mosaic 
to  generate  the  complete  map  of  the  active  region 

The  resulting  maps  are  shown  to  the  same  scale  in 
Figure  2.  The  crosses  show  the  positions  of  the  three  major 
sunspots  of  the  region  as  measured  from  H-alpha  full  disk 
images  (such  as  Fig.  1)  from  Biq  Bear  Solar  Observatory.  At 
4.9  GHz  each  of  the  three  spots  in  the  active  region  appear 
as  separate  sources,  but  with  a  significant  asymmetry  in 
spots  1  and  3  At  1-4  GHz.  no  separate  spot  sources  are 
visible-  Rather,  there  is  a  single  elongated  source  which 
spans  the  entire  region  and  is  displaced  from  the  optical 
spot  positions. 


III.  OVRO  ANALYSIS 


The  eclipse  geometry  at  OVRO  as  illustrated  in  Figure  3 
shows  the  positions  of  the  lunar  limb  at  one  minute 
intervals,  overlaid  on  the  4.9  GHz  VLA  map.  Interferometric 
amplitudes  and  phases  were  measured  every  10  s  at  16 
frequencies  in  the  range  1-4  to  8  GHz.  in  both  right  and 
left  circular  polarization.  As  with  the  VLA  data,  the  OVRO 
data  was  vector  differentiated  so  that  each  differenced  data 
sample  represents  the  flux  due  to  sources  within  an  annular 
window  defined  by  successive  positions  of  the  lunar  limb. 

Because  the  interferometer  responds  only  to  unresolved 
sources,  signals  from  the  background  sun  are  suppressed. 

Yet  the  fringe  spacing  was  sufficiently  course  that  the 
small  scale  sources  are  unresolved.  Thus  it  is  the  moving 
limb  that  enables  the  sequence  of  differenced  amplitudes  to 
provide  spatial  resolution-  Because  the  window  is  moving 
across  the  active  region  the  variation  of  flux  with  time 
represents  the  one  dimensional  spatial  variation  of  flux. 

The  resolution  perpendicular  to  the  direction  of  the  motion 
of  the  lunar  limb  is  2.6  arcseconds.  independent  of 
frequency.  Fiqure  4  shows  this  cross-sectional  flux 
variation  at  a  few  representative  frequencies-  At  low 
frequencies,  a  single  large  source  is  evident,  in  agreement 
with  the  1.4  GHz  VLA  map  of  Figure  2.  At  hiqher 
frequencies,  the  bifurcation  of  the  source  into  two  sources 
becomes  apparent,  as  in  the  5  GHz  VLA  map  of  Figure  2. 

Since  such  time  profiles  are  available  at  16  frequencies, 
individual  flux  spectra  can  be  constructed,  with  six 
independent  spectra  obtained  within  each  of  the  narrow 
annuli  shown  in  Fiqure  3- 

To  convert  these  flux  density  spectra  into  brightness 
temperature  spectra,  the  distribution  of  flux  along  the 
window  must  be  known.  In  the  present  case-  we  make  the 
assumptions  that  (i)  the  extension  of  the  source  along  the 
window  at  each  frequency  is  the  same  as  the  measured  extent 
perpendicular  to  the  window  (as  indicated  by  the  width  of 
the  sources  in  the  time  profiles  of  Figure  4).  and  that  (ii) 
only  a  single  source  dominates  along  the  window  at  any  time- 
The  validity  of  these  assumptions  may  be  checked  at  5  GHz  by 
referring  to  Figure  3-  Here  it  is  evident  that  the  main 
spots  are  roughly  of  the  same  extent  along  the  window  as 
across  it.  The  assumption  that  only  one  source  lies  along 
the  window  is  violated  for  the  main  spot  near  1619  UT.  since 
the  second  spot  also  lies  along  the  window.  However,  the 
main  spot  so  dominates  the  flux,  at  least  near  5  GHz,  that 
the  second  spot  may  be  iqnored.  A  direct  comparison  of  the 
measured  VLA  main  spot  area  (857-6  arcsec  lup  1 2 Idn I  in  left 
circular  polarization  and  580.8  arcsec Iupl2ldn I  in  right 
circular  polarization)  with  the  area  derived  from  the  OVRO 
data  (993  arcsec lup  I2ldn I  in  LH  and  620  arcsec lup I  2 Idn I  in 
RH)  agree  to  within  “15%  -  The  validity  at  1.4  GHz  may  also 
be  checked  by  inspection  of  the  1-4  GHz  VLA  map  of  Figure  2. 
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Although  this  source  is  much  larger  E/W  than  in  the  N/S 
direction,  the  Moon  at  OVRO  crosses  the  source  at  such  an 
angle  that  the  extents  of  the  source  along  and  perpendicular 
to  the  window  are  nearly  equal.  We  conclude  that  our 
assumptions  are  valid  to  "20%  at  1.4  and  5  GHz,  and  probably 
no  worse  than  "30%  at  intermediate  frequencies- 

The  brightness  temperature  spectrum  is  shown  in 
Figure  5,  separately  for  right  and  left  circular 
polarization  (5a-b)  and  total  intensity  (5c).  The  data  are 
displayed  as  two-dimensional  contour  plots-  with  time 
increasing  to  the  left  on  the  horizontal  axis,  and  frequency 
increasing  downward  on  the  vertical  axis.  The  times  along 
the  horizontal  axis  correspond  to  the  positions  of  the  Moon 
shown  in  Fiqure  3-  The  peak  brightness  temperature  of  the 
main  spot  at  5  GHz  in  Figure  5  is  9  x  10lup15ldnl  K,  which 
is  about  20%  less  than  the  1-1  x  10  I  up  I  6  I dn I  K  peak 
brightness  temperature  in  Figure  2.  The  peak  brightness 
temperature  at  1-4  GHz  in  Figure  5  is  1-3  x  10lupl6ldnl  K, 
very  near  the  1-33  x  10lupl6!dnl  K  in  Figure  2.  These 
figures  support  the  error  estimates  given  in  the  previous 
paragraph. 

Figure  6  shows  representative  spectra,  corresponding  to 
vertical  cuts  through  Figure  5  and  illustrates  the 
quantitative  effects  of  gyror esonance  opacity  and  free-free 
emission  on  the  spectra  as  a  function  of  position-  When 
gyror esonance  opacity  dominates-  the  spectral  cutoff  can  be 
interpreted  in  terms  of  the  magnetic  field.  Alternatively, 
when  the  fields  are  relatively  unimportant,  as  in  the 
spectrum  acquired  between  the  sunspots  at  162300,  the 
spectral  shape  is  characteristic  of  free-free  opacity.  In 
this  case,  the  coronal  temperature  can  be  directly  inferred 
from  the  low  frequency  (optically  thick)  brightness 
temperature  (11*110161  K  in  this  case).  The  frequency  at 
which  the  emission  starts  becoming  optically  thin  (3  GHz) 
can  be  interpreted  in  terms  of  the  1 ine-of-sight  integral  of 
the  square  of  the  electron  density.  In  this  case-  assuming 
the  structure  is  10000  km  thick,  the  inferred  coronal 
density  is  6  I  *  1 10  I  9  I /cc. 


IV.  THE  CORONAL  PLASMA  AND  ACTIVE  REGION  STRUCTURE 
Ku  Identification  of  Emission  Mechanisms 

Considering  first  the  overall  correspondence  between 
the  microwave  data  and  the  magnetic  structure  of  the  active 
region-  we  compare  the  relevant  portion  of  a  full  disk 
magnetogram  taken  at  Kitt  Peak  at  1745  UT  with  the  VLA  radio 
contours.  The  correspondence  between  the  4.9  GHz  microwave 
map  and  the  magnetogram  features  is  very  good  (Figure  7) - 
Following  previous  workers,  we  identify  the  emission 
mechanism  at  4.9  GHz  as  gyror esonance  emission-  on  the  basis 
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of  the  following  features:  1)  The  emission  is  strongly 
associated  with  the  highest  magnetic  fields.  2)  The 
polarization  of  the  emission  near  5  GHz  in  Figure  7  is 
predominantly  left  hand  for  spot  1  and  predominantly  right 
hand  for  spot  3  (the  source  for  spot  2  is  also  left  hand 
polarized  in  the  VLA  data — not  shown).  The  sense  and 
strength  (about  50%)  of  polarization  is  as  expected  for 
gyror esonance  emission,  which  is  predominantly  in  the 
extraordinary  magneto-ionic  mode  (x-mode).  3)  The  high 
brightness  temperature  emission  associated  with  the  larger 
spot  (number  1)  extends  to  beyond  8  GHz  in  the  OVRO  data 
(Fiqure  6) .  while  the  smaller  spot  (number  3)  has  emission 
extending  only  to  about  5  GHz.  This  is  consistent  with  a 
weaker  coronal  magnetic  field  strength  overlying  spot  3. 

These  conclusions  can  be  strengthened  by  noting  that 
the  microwave  spectra  can  be  simply  interpreted  to  indicate 
the  strongest  coronal  fields  associated  with  each  spot-  For 
example-  the  extension  of  the  6  x  10 1  up  1 5  I dn I  K  brightness 
temperature  of  spot  3  to  5.4  GHz  in  Figure  5a  implies  a 
field  strength  of  about  640  G  at  the  height  where  Tldnlelupl 
“6  x  10  I  up  I  5  I dn I  K  over  spot  3-  assuming  that  the  emission 
is  optically  thick  at  the  third  harmonic  of  the 
gy rof requency  (harmonic,  s  =  f/fldnlBlupl  =  3). 

We  identify  the  emission  mechanism  in  the  VLA  map  at 
1.4  GHz  as  free-free  (br emsstrahlung)  emission  from  the 
following  evidence:  1)  The  emission  is  not  associated 
especially  with  the  highest  magnetic  fields.  In  fact,  the 
brightest  emission  in  Figure  7  appears  to  avoid  the  umbrae- 
2)  The  emission  extends  across  the  active  region,  lying 
between  the  spots  in  the  area  commonly  found  in  X-ray 
observations  of  other  active  regions  to  be  sites  of  high 
density  X-ray  loops.  3)  The  polarization  at  1.4  Ghz , 
although  uncertain,  is  not  more  that  about  10%.  consistent 
with  free-free  emission. 

From  the  spectral  data  we  can  further  identify  that  the 
"cross-over"  point  where  the  emission  goes  from 
predominantly  one  mechanism  to  the  other  occurs  near  3  GHz. 
At  frequencies  higher  than  ~3  GHz.  the  spectrum  shows  two 
distinct  sources  corresponding  to  the  two  main  spots,  with 
quite  different  appearance  in  right  and  left  circular 
polarization-  At  frequencies  below  ”3  GHz.  only  a  single 
source  appears,  with  no  significant  differences  in  the  two 
polarizations. 


b*.  Ring  structure  and  Caal  Plumes 


Although  the  features  of  a  gyror  esonance  source  are 
dominated  by  the  magnetic  field  strength  and  structure, 
variations  in  temperature  and  density  can  play  an  important 
role  as  well.  In  Figure  7.  we  note  that  the  lower  contours 


6 


of  the  4.9  GHz  radio  source  associated  with  spot  1  are 
symmetric  and  centered  on  the  spot,  whereas  the  hiqher 
contours  are  markedly  displaced  toward  the  center  of  the 
active  region-  This  is  also  true  of  spot  3-  This  is  the 
same  phenomenon  as  that  causing  the  sometimes  observed 
"ring"  structure-  first  reported  by  Alissandrakis  and  Kundu 
(1982).  These  authors  noted  that  the  depression  in 
brightness  over  the  umbra  might  be  due  in  part  to  low 
gyror esonance  emissivity  when  the  direction  of  the  magnetic 
field  makes  a  small  angle  to  the  line  of  sight-  In  their 
observations,  however,  the  position  of  the  ring  did  not  vary 
in  the  expected  way  as  the  spot  approached  the  limb,  leading 
them  to  postulate  the  existence  of  cool  material  above  the 
sunspot  umbra-  Such  cool  plumes  have  been  reported  from  EUV 
observations  by  Foukal  et  al.  (1974).  Nicolas  et  al.  (1982), 
Doyle  et  al.  (1985)  .  and  Noyes  et  al.  (1985).  Modeling  of 
the  Alissandrakis  and  Kundu  observations  by  Strong, 
Alissandrakis.  and  Kundu  (1984)  showed  that  the  depression 
in  brightness  temperature  could  not  be  explained  by  the 
angular  effect  alone,  and  gave  further  evidence  that  cool 
material  existed  above  the  sunspot  umbra. 

In  the  present  observations,  the  displacement  of  the 
4.9  GHz  source  from  the  center  of  sunspots  1  and  3  is  not 
due  to  the  angular  dependence  of  gyror esonance  emissivity. 

If  it  were,  the  displacement  would  be  toward  the  limb  in 
both  spots,  whereas  it  is  instead  toward  the  center  of  the 
active  region — toward  the  limb  for  spot  1  but  away  from  the 
limb  for  spot  3-  Another  facet  of  the  map  data  is  that  the 
1.4  GHz  source  appears  to  avoid  the  sunspot  umbrae.  The 
spectral  data  (Figure  5)  link  these  two  effects  by  showing 
that  the  high  frequency  asymmetry  is  maintained  well  into 
the  low  frequency  regime,  to  at  least  1-8  GHz.  where  the 
free-free  emission  mechanism  dominates.  This  is  strong 
evidence  that  the  asymmetry  is  due  to  a  temperature  and/or 
density  deficit,  and  not  due  to  gyror esonance -  The  sense  of 
the  asymmetry  is  such  that  there  is  a  relative 
density/temperature  deficit  on  open  field  lines  that  connect 
the  outer  areas  of  the  umbrae,  away  from  the  center  of  the 
active  region. 


C*.  Th£  JLaA  GHz.  Goiulc£jl  An  Ai.ca.de  oL  Lc£P£ 

To  gain  insiqht  into  the  structure  of  the  magnetic  field  in 
the  corona  above  the  active  region,  a  Kitt  Peak  magnetogram 
was  used  as  the  basis  for  a  potential  field  calculation, 
using  a  computer  program  kindly  provided  by  T-  Sakurai.  The 
program  solves  Laplace’s  equation  using  the  spherical 
Schmidt  method  detailed  by  Sakurai  (1985)  .  Because  the  Kitt 
Peak  magnetogram  saturates  at  field  strengths  above  "1000  G, 
the  umbral  field  strengths  must  be  corrected.  This  was  done 
by  assuming  that  the  sunspots  could  be  represented  by 
solenoids  with  radii  equal  to  the  spots'  photospheric  radii, 
and  with  central  field  strengths  given  by  Zeeman 
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measurements  from  Mt.  Wilson.  The  Mt.  Wilson  values, 
measured  at  2300  UT.  were  -2300,  -2000  and  +2300  G  for  spots 
1-  2  and  3  respectively.  The  implementation  of  the 
equivalent  solenoid  representation  for  sunspots  is  described 
by  Sakurai  and  uchida  (1977)  -  Note  that  the  solenoid 
approximation  merely  adds  the  missing  (saturated)  magnetic 
flux  to  the  magnetogram;  the  weaker  fields  are  unchanged. 

Although  we  had  expected  that  the  radio  emission  below 
3  GKz  might  have  come  from  a  large-scale  loop  structure  with 
field  lines  traversing  the  entire  active  region  from 
east-west  from  spot  3  to  spot  1.  the  results  of  the 
potential  field  calculation  showed  that  this  was  not  the 
case.  As  shown  in  Figure  8,  the  results  indicate  that  most 
of  the  positive  flux  from  spot  3  connects  to  spot  2, 
effectively  isolating  spot  1  with  the  field  lines  crossing 
perpendicular  to  the  long  axis  of  the  source.  Thus  the 
enhanced  density  associated  with  the  radio  emission  below 
3  GHz  is  associated  with  an  arcade  of  relatively  low  lying 
loops. 


V.  SUMMARY 

The  special  circumstances  afforded  by  a  solar  eclipse 
were  used  to  obtain  spatially  resolved  microwave  brightness 
temperature  spectra  of  a  complex  solar  active  region  at  16 
frequencies  between  1-4  and  8  GHz  using  the  Owens  Valley 
frequency-agile  interferometer.  Two  dimensional  VLA  maps  at 
1.4  and  4.9  GHz  were  also  obtained,  with  the  eclipse  in  this 
case  serving  to  shorten  the  required  integration  time  to  15 
minutes  and  to  enhance  the  angular  resolution  at  the  lower 
frequency. 

At  frequencies  above  "3  GHz  the  emission  was  found  to 
be  primarily  due  to  gyror esonance -  and  was  located  at  sites 
of  the  strongest  coronal  magnetic  fields.  The  spectral 
cutoff  at  5.4  GHz  above  one  spot  indicates  a  maximum  coronal 
field  strength  of  about  640  G.  The  main  spot  had  a  stronger 
coronal  field,  >1000  G,  since  it  remained  a  source  of 
emission  above  8  GHz  in  both  polarizations. 

A  marked  asymmetry  in  the  position  of  the  sources,  was 
noted  at  frequencies  down  to  at  least  1.8  GHz,  suggesting 
that  a  deficit  of  temperature  and/or  density  existed  on  on 
the  field  lines  in  the  outer  part  of  the  spots,  on  the  side 
away  from  the  active  region.  The  emission  at  frequencies 
less  than  3  GHz.  primarily  due  to  thermal  Bremsstrahlung 
(free-free)  emission-  did  not  occur  at  the  site  of  strongest 
magnetic  fields  near  the  spots.  Potential  field 
calculations,  based  on  a  photospheric  magnetograra  from  Kitt 
Peak  suggest  that  the  low  frequency  emission  originated  from 
the  top  of  an  arcade  of  loops  stretching  between  the  spots- 
At  1.4  GHz,  the  radio  source  appears  to  avoid  the  umbrae  of 
the  spots,  perhaps  in  analogy  with  the  results  of  Webb  and 
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Zirin  (1981)  that  soft  X-ray  sources  tend  to  avoid  spot 
umbrae- 


In  regions  of  low  magnetic  field  where  free-free 
opacity  dominates  even  at  the  hiqher  frequencies,  the 
spectra  can  be  interpreted  in  terms  of  coronal  temperature 
and  the  line  integral  of  density-squared.  Under  such 
circumstances,  spatially  resolved  microwave  spectroscopy  can 
play  a  role  similar  to  space-based  soft  X-ray  images. 

The  qualitative  interpretations  presented  here  will  be 
expanded  in  a  subsequent  paper  in  which  the  spatially 
resolved  spectral  information  will  be  compared  to  the 
results  of  detailed  numerical  modeling. 
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FIGURE  CAPTIONS 


Fiqure  1.  The  geometry  of  the  eclipse  as  seen  from  the  VLA. 
The  area  within  the  square  box  was  mapped  at  1.45  and  4.9 
GHz  from  1635  to  1650  UT.  during  which  time  the  lunar  limb 
moved  as  shown  by  the  labeled  arcs.  Boulder  Region  4500  is 
at  the  center  of  the  mapped  area. 


Fiqure  2.  The  eclipse  maps  obtained  at  the  VLA  at  4.9 
(left)  and  1.45  (riqht)GHz.  The  contours  in  the  4.9  GHz  map 
are  every  10%  of  the  peak  Tidnlblupl  =  1.10  x  10lupl6!dnl  K. 
The  contours  at  1-45  GHz  are  every  20%  of  the  peak 
Tidnlblupl  =  1-33  x  10lupl6ldnl  K.  The  positions  of  the 
centers  of  the  three  sunspots,  as  measured  from  optical  full 
disk  images,  are  as  shown.  The  spot  positions  were  measured 
with  greater  accuracy  than  is  typically  possible  by 
utilizing  the  sharply  defined  lunar  limb  that  was  visible  in 
the  optical  images. 


Figure  3.  The  position  of  the  lunar  limb  at  one  minute 
intervals  as  seen  from  OVRO  is  shown  superimposed  on  the  4.9 
GHz  map.  Since  the  time  resolution  of  the  OVRO  spectra  was 
10  s.  six  independent  16-frequency  spectra  were  obtained 
within  each  of  the  one  minute  intervals  shown. 


Figure  4.  Differenced  OVRO  time  profiles  at  four 
representative  frequencies.  Right  hand  circular  (RH) 
polarization  is  shown  by  the  heavy  lines,  and  left  hand  (LH) 
polarization  by  the  light  lines.  Below  ~3  GHz,  the  active 
region  appears  as  a  single  broad  source.  At  higher 
frequencies,  the  region  bifurcates  into  two  main  sources, 
becoming  more  localized  to  the  sunspots  as  the  observing 
frequency  increases.  The  difference  sense  of  polarization 
in  the  two  spot  sources  is  characteristic  of  gyroresonance 
emission. 


Figure  5.  The  OVRO  "spatial  dynamic  spectrum"  displaying 
contours  of  brightness  temperature  as  a  function  of  time  and 
frequency  in  a)  right  hand  circular  polarization,  b)  left 
hand  circular  polarization-  and  c)  total  intensity.  The 
times  during  which  the  OVRO  window  overlies  a  sunspot  unmbra 
are  indicated  below  the  time  axes.  The  brightness 
temperature  contours  are  1.2.  1.0.  0.8.  0.6.  0.4,  and 
0.2  x  10  I  up  I  6  I dn I  K.  The  time  axis  is  shown  increasing  to 
the  left  because  the  lunar  limb  was  moving  right  to  left. 
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Figure  6.  Representative  difference  spectra  corresponding 
to  different  2.6  arcsecond  wide  annuli.  The  tiroes  indicated 
in  each  panel  may  be  used  to  identify  the  location  of  each 
spectrum  by  reference  to  Figure  3.  At  161640.  the 
polarization  and  sharp  cutoff  in  the  spectrum  is 
characteristic  of  gyroresonance  opacity  with  a  maximum 
upward-directed  field  strength  of  about  500  gauss.  The 
field  strength  increases  until  by  161840.  when  the  annulus 
crosses  the  main  spot,  the  cutoff  is  above  the  maximum 
observing  frequency  of  8  GHz.  At  1620.  the  spectrum 
suggests  gyroresonance  opacity  operative  in  the 
quasi-transverse  approximation-  where  the  polarization  is 
relatively  low.  At  1623,  the  spectrum  of  an  annulus  that  is 
between  the  spots  is  characteristic  of  free-free  emission. 
That  is  the  optically  thick  brightness  temperature  is  flat 
at  low  frequencies  and  when  it  becomes  optically  thin  at 
higher  frequencies,  it  follows  an  inverse  square  law.  By 
162410,  gyroresonance  opacity  from  the  downward-directed 
fields  from  the  other  sunspot  dominates.  Note  the  different 
sense  of  polarization  compared  to  the  other  spot. 


Fiqure  7.  The  4.9  and  1.45  GHz  VLA  eclipse  maps  overlaid  on 
magnetograms  obtained  at  Kitt  Peak.  Note  the  excellent 
correspondence  with  high  field  regions  at  4.9  GHz,  and  the 
poor  correspondence  at  1.45  GHz.  The  4.9  GHz  sources  are 
due  to  gyroresonance  emission  and  the  1.45  GHz  source  is  due 
to  free-free  emission. 


Figure  8.  A  plot  of  magnetic  field  lines  in  the  active 
region,  based  on  a  potential  field  model  extrapolation  to 
coronal  heights-  The  field  lines  are  seen  projected  onto 
contours  of  the  longitudinal  photospheric  field  measured  at 
Kitt  Peak.  The  1.45  GHz  radio  source  lies  along  the 
"arcade”  of  loops  extending  southward  from  the  two  negative 
polarity  spots  (dashed  contours)  and  also  connecting  the 
opposite  polarity  following  spots. 


13 


Figure  1 


1630 


AMPLITUDE  (SFU) 


uro 


